Mycolactones are polyketide toxins produced by Mycobacterium ulcerans, the causative agent of the tropical skin disease known as Buruli ulcer. Development of novel therapeutic agents from mycolactones has been hindered by the difficulty of producing sufficient amounts of material. Here, we describe the successful adaptation of M. ulcerans to suspension cultivation and the development of a fed-batch fermentation process that was scaled up to 150 l. In addition to producing mycolactones A and B, a number of new mycolactone-related compounds were also observed. ß
Introduction
Mycobacterium ulcerans infection causes a necrotizing human skin disease endemic in some tropical areas of the world. The infection begins as skin nodules and progresses to the extensive subcutaneous necrotic lesions known as Buruli ulcers [1] . Importantly, the condition develops and persists with minimal in£ammation, indicating immune suppression. It has been known for some time that toxins produced by M. ulcerans are involved in the pathogenesis [2^4] , and recently the toxins were isolated and their structures elucidated [5^8] . Two predominant isomers of a 12-membered macrolide with polyketide-derived side chains were named mycolactones A and B. Using cell-based assays and animal models, mycolactones have been shown to be both necessary and su¤cient to cause the necrosis and immunosuppression characteristic of Buruli ulcers [6] . Mycolactones also have been demonstrated to cause cell cycle arrest, apoptosis, and inhibition of cytokine production [6, 9, 10] . Because of the unusual array of activities displayed by mycolactones, there is interest in using them to develop novel therapeutic agents. However, this e¡ort has been hampered by the di¤culty of obtaining mycolactones in su¤cient quantity.
Like other pathogenic mycobacteria, M. ulcerans grows slowly, with a doubling time of 1^2 days, and the cells form aggregates in liquid media. Cultivation of M. ulcerans for 4^6 weeks in stationary T-£asks containing M7H9/ OADC medium yields a ¢nal dry cell weight of V1.4 g l 31 and mycolactone titers of 4^6 mg l 31 [6] , a cumbersome process for producing the compound. Here we describe the adaptation of M. ulcerans to suspension culture in spinner £asks and the development of a scalable process for producing mycolactones in larger quantities. A fed-batch fermentation process was implemented at the 150-l scale and several new mycolactone congeners were identi¢ed that may be useful for drug development.
Materials and methods

Strain and media
M. ulcerans, strain 1615 (Trudeau Collection Strain, Lake Saranac, NY, USA), was initially grown on M7H9/OADC agar plates at 30³C for 4^8 weeks (until yellow colonies were well formed). Cultures in M7H9/ OADC medium were brought to 15% glycerol and samples were stored at 380³C to provide a consistent source of inocula.
Difco M7H9 powder (4.7 g) was dissolved in 900 ml deionized water containing 2 ml l 31 glycerol and sterilized by autoclaving at 121³C for 30 min. After autoclaving, the medium was cooled to room temperature before OADC enrichment (oleic acid, albumin, dextrose, and catalase, pre-formulated from Difco) was added to a concentration of 100 ml l 31 of medium. To prepare plates, 15 g l 31 agar was added to the M7H9 basal medium before autoclaving and plates were poured immediately after adding OADC enrichment to the medium at 50³C. In some experiments liquid egg yolk enrichment (Difco) was added to a ¢nal concentration of 20 ml l 31 [11] .
T-£ask cultivation
To a plate containing M. ulcerans colonies M7H9/ OADC medium (10 ml) was added and a sterile spreader was used to detach the cells. The suspended cells were transferred into a 600-ml T-£ask (triple layer, Nunc) containing 300 ml of M7H9/OADC medium and the £ask was incubated at 30³C for 4^8 weeks (until signi¢cant growth was observed). Cultures were expanded by adding 100 ml of culture to 200 ml of fresh M7H9/OADC medium. T£asks are £at stationary £asks designed to provide a greater surface area for attachment dependent cells. Although T-£asks are useful for the cultivation of M. ulcerans, the cultures are not attachment dependent.
Growth in spinner £asks
A spinner £ask containing the desired volume of M7H9/ OADC medium was inoculated with a 10% volume of liquid culture and incubated at 30³C for 4^8 weeks, or until mycolactone production ceased. Conditions depended on the spinner £ask used (Bellco 100-ml spinner: 80^100-ml working volume, 300^400 rpm ; Bellco 250-ml spinner: 175^210-ml working volume, 200^300 rpm; Bellco 500-ml spinner: 300^350-ml working volume, 150^250 rpm ; Bellco 15-l spinner: 6.7-l working volume 100^150 rpm ; Corning 15-l spinner: 10-l working volume, 50^100 rpm). Spinner £asks, routinely used in the cultivation of suspension-adapted animal cells, are glass £asks with an adjustable magnetic impellor to provide controlled agitation of the culture.
Growth in stirred-tank fermenters
M7H9/OADC medium, with or without 2% egg yolk, was used in fermentation studies. The following parameters were maintained : pH 6.5 þ 0.1; 30 þ 0.1³C; 50 þ 20% dissolved oxygen; air£ow 91 LPM; 500 þ 200 rpm. The pH was controlled by addition of 2.5 N H 2 SO 4 or 2.5 N NaOH. Fermentation continued for 4^8 weeks until mycolactone production had ceased. The glucose concentration in culture samples was measured using a YSI glucose analyzer.
Analysis of mycolactones
Whole culture broth samples were prepared for analysis by adding an equal volume of methanol and removing insoluble material by centrifuging at 12 000Ug. Mycolactones were resolved and quantitated using a Hewlett Packard 1090 HPLC (high-performance liquid chromatography) with UV detection at 360 nm. Supernatant (250 Wl) was injected and the mycolactones captured on a 4.6U10-mm column (Inertsil, C18 ODS-3, 5 Wm). After washing with 50% acetonitrile for 2 min the mycolactones were eluted and resolved on a 4.6U150-mm column (Inertsil, C18 ODS-3, 5 Wm) with a 24-min gradient from 50% to 100% acetonitrile. An analytical standard used for quantitation in this assay was puri¢ed from T-£ask-derived material. In some cases, mycolactones were analyzed using a system comprised of a Beckman System Gold HPLC, an Alltech ELSD detector, and a PE Sciex API100LC MSbased detector equipped with an atmospheric pressure chemical ionization source. Fractions of interest were analyzed on an Applied Biosystems Mariner time-of-£ight mass spectrometer with a turbo ion-spray source.
Other microbiological methods
Dry cell weight was determined by centrifuging a 40-ml sample of culture for 10 min at 3300Ug in a pre-weighed 50-ml centrifuge tube, decanting the supernatant, washing the cell pellet with 40 ml water, drying in an 80³C oven, and weighing the pellet. Acid fast staining was done with the Acid-Fast BactiStain kit from Polysciences according to the manufacturer's instructions.
Results and discussion
Adaptation of the cells to growth in suspension
For a scalable process, it was necessary to adapt the cells to growth in suspension. T-£ask cultures were used to inoculate M7H9/OADC medium in a variety of vessel con¢gurations, including ba¥ed £asks, £asks ¢tted with stainless steel springs, and spinner £asks designed for growth of suspension-adapted animal cells. Because more dispersed growth of M. ulcerans has been reported with addition of Tween 80 [12, 13] , this was also investigated.
All the shake £ask conditions tested, with or without Tween 80, gave severe aggregation of the cells, poor growth, and negligible mycolactone production. However, spinner £ask cultures gave dispersed growth, likely due to the shear created by the impellor. Acid fast staining and microscopic examination (Fig. 1) show that the cultures were mostly individual rods with a few clumps consisting of only a few cells. Such dispersed growth has not been reported previously for any slow growing mycobacterial species.
To demonstrate that the cells had been adapted to dispersed growth, identical spinner £asks were inoculated with a 10% volume of culture from a T-£ask and from a spinner £ask. By comparing the rates of glucose consumption and mycolactone production in these cultures (Fig. 2) , it is clear that signi¢cant adaptation occurred during growth in the spinner £ask.
Cell density was di¤cult to measure and an accurate growth rate could not be obtained from the spinner £ask cultures. Also, degradation of mycolactones was often observed at later time points, indicating the importance of monitoring production closely to permit harvest at the maximum titer.
Detection of additional mycolactones
Mycolactones A and B are double bond isomers [7, 8] . Under our reversed-phase HPLC conditions, these isomers are resolved and elute in the 12.0^12.5-min region (Fig.  3A) . The order that A and B elute has not been established and another peak was observed between A and B which by liquid chromatography/mass spectrometry (LC/ MS) analysis appears to be another mycolactone isomer. Although the structure of this new isomer has not been determined, we presume it represents isomerization at a di¡erent double bond. Addition of egg yolk to mycobacterial media has been reported to be bene¢cial [11] and we found this addition generally increased mycolactone titers. Moreover, new compounds with the same UV spectrum as mycolactones A and B were readily observed which eluted from the column at signi¢cantly di¡erent retention times (Fig. 3B) . For easy reference, the structures of mycolactones A and B are shown in Fig. 4 . Material that eluted in the regions around 9.7 and 13.5 min was separately collected and analyzed by MS. The material eluting around 13.5 min gave a prominent [M+Na] at m/z 749.5 and a weak pseudo-molecular ion at m/z 727.5, corresponding to a mycolactone congener with one less oxygen atom. The material eluting around 9.7 min gave a prominent ion at m/z 747.5, which, presuming it is also a sodium adduct, would correspond to mycolactones A and B with one less oxygen atom and two less hydrogen atoms. Although these new mycolactone congeners could be detected when the strain was cultivated in the absence of egg yolk, its addition greatly facilitated the analysis. The masses of these new mycolactone congeners are consistent with compounds that could arise by di¡erent L-keto processing on a putative type I PKS. The di¡erence of an oxygen atom could, alternatively, be due to a di¡erence in the extent of a putative hydroxylase reaction. The ratios of areas for each group of peaks eluting at the three regions are very similar (Fig. 3B) , suggesting that the same equilibrium mixture of double bond isomers is reached for each congener. Equilibration between mycolactones A and B was found to occur only when the sample was exposed to ambient light (data not shown), which is consistent with double bond isomerization. 
Scale-up to stirred-tank fermenters
Based on our success with the spinner £asks, fermentations were also carried out in stirred-tank fermenters. Fig.  5A shows a fermentation in a 10-l fermenter using a 400-ml inoculum (4%) from a spinner £ask culture. In this fermentation there was a long lag period before glucose utilization and mycolactone production began. However, additional work in spinner £asks showed that larger inoculum volumes greatly reduced this lag period. Mycolactone production ceased at approximately the same time that glucose was depleted from the medium, suggesting that adding more glucose could be bene¢cial.
Using data from the 10-l fermentation and several spinner £ask experiments, M. ulcerans cultivation was scaled up to a 150-l fermenter using M7H9/OADC supplemented with 2% egg yolk (Fig. 5B) . A 10% inoculum was used to reduce the lag phase. The glucose concentration decreased to 6 0.5 g l 31 on day 17, at which point additional glucose was added to prevent carbon limitation. Glucose continued to be consumed at a rapid rate until about day 26. The additional glucose may have caused the increase in mycolactone production. Since more than 2 g l 31 of glucose remained in the culture when growth had ceased, another essential nutrient may have been limiting. Although low oxygen tension has been reported to enhance M. ulcerans growth [14, 15] , dissolved oxygen was maintained at v50% air saturation in all fermenter runs. In this scalable process mycolactone titers have remained . These structures were previously reported [7, 8] . The relative stereochemistry of the three hydroxyl groups on the lower side chain has been reported [8] , but the absolute stereochemistry has not. essentially the same as observed in T-£asks. Nevertheless, this process is amenable to further development that should lead to increased titers.
Recovery of mycolactones from the culture
The distribution of mycolactones between the solid and soluble fractions of culture broth was analyzed in samples from M7H9/OADC with or without added egg yolk. The distribution between pellet and supernatant fractions was approximately equal with M7H9/OADC alone, but addition of egg yolk shifted the distribution such that over 95% of the mycolactones were in the pellet fraction. These data suggest that mycolactones are secreted from the cells, but remain associated with suspended lipids. The addition of egg yolk to the medium resulted in a more di¤cult puri¢cation of mycolactones due to the presence of extracted lipids.
